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Detection	 of	 natural	 and	 induced	 mutations	 from	
next	generation	sequencing	data	in	sweet	orange	bud	




Somatic	 mutations	 are	 a	 cause	 of	 intraspecific	 diversity	 in	 many	 fruit	 crops,	
including	citrus.	In	the	case	of	sweet	orange	[Citrus	sinensis	(L.)	Osbeck],	intraspecific	
variability	is	determined	only	by	somatic	mutations.	Tools	for	clonal	fingerprinting	are	
required	 by	 breeders	 and	 nurserymen	 and	 have	 important	 implications	 for	
traceability.	With	the	aim	of	studying	genomic	variability	and	identifying	mutational	
events	 responsible	 for	 varietal	 diversification,	 we	 deep-resequenced	 22	 accessions	
including	 navel,	 common	 and	 blood	 oranges	 using	 an	 Illumina	 platform.	 We	 also	
resequenced	an	induced	mutant	of	Tarocco	‘Scirè	D2062’	obtained	using	two	cycles	of	
















naturally,	and	they	are	selected	by	growers	and	maintained	for	several	generations	through	clonal	propagation.	The	long	history	of	cultivation	has	led	to	the	selections	of	hundreds	of	cultivars,	divided	into	varietal	groups	based	on	fruit	characteristics	(common,	navel,	blood).	Each	varietal	group	is	also	divided	 into	subgroups	(i.e;	Valencia	 types	among	the	common	ones;	 Tarocco,	 Moro	 and	 Sanguinello	 among	 the	 blood	 oranges).	 To	 induce	 additional	variability,	it	is	possible	to	use	several	kinds	of	mutagenic	agents,	such	as	gamma	rays,	trying	to	improve	horticulturally	important	traits.	Generally,	mutations	are	caused	by	nucleotide	base	substitutions,	indels	or	structural	variants	 (SVs),	 in	 addition	 to	 inversions,	 duplications	 and	 translocations	 of	 entire	chromosomes.	In	citrus,	most	of	the	mutations	responsible	of	specific	phenotypic	changes,	such	as	in	fruit	color,	ripening	period,	acidity,	and	fruit	size	remain	unknown.	One	of	very	few	examples	shading	light	on	the	molecular	basis	of	somatic	mutations	is	related	to	anthocyanin	pigmentation,	a	 typical	 trait	of	blood	oranges.	 It	 is	known	that	all	blood	orange	selections	differ	from	common	ones	for	the	presence	of	a	Copia-like	retrotransposon	located	upstream	a	MYB	gene	regulating	anthocyanin	biosynthesis	(Butelli	et	al	2012,	Butelli	et	al.,	2017).		Whole	genome	resequencing	of	different	sweet	orange	varieties	might	be	helpful	to	identify	the	causative	mutations	leading	to	specific	phenotypes,	and	to	develop	markers	for	clonal	fingerprinting.	In	this	paper	we	report	the	identification	of	different	types	of	markers	for	 sweet	 orange	 fingerprinting.	After	marker	selection,	we	developed	a	 system	 for	 clonal	fingerprinting	 using	 different	 techniques.	 We	 tested	 the	 system	 analyzing	 several	 DNA	samples	of	some	of	the	most	diffused	blood	orange	clones	collected	from	experimental	and	commercial	 farms	 and	 nurseries	 of	 different	 locations	 of	 Southern	 Italy.	 Moreover,	 we	identified	and	validated	mutations	in	an	irradiated	Tarocco	clone.		
MATERIALS	AND	METHODS		
Resequencing	of	sweet	orange	varieties	and	data	analysis	Twenty-two	different	sweet	orange	clones	and	varieties,	including	common,	navel	and	pigmented	ones	were	collected	at	Palazzelli	experimental	orchard	of	CREA	(Siracusa,	Italy)	and	resequenced	using	an	Illumina	HiSeq2000/2500.	Among	the	blood	oranges,	three	clones	of	Moro,	 three	belonging	 to	 Sanguigno/Sanguinello	 group	and	eight	Tarocco	 cultivars	 and	mutants	were	resequenced.	In	addition,	the	genome	of	a	Tarocco	‘Scirè	II	gen’,	a	‘Scirè	D2062’	mutant	 generated	 from	 two	 consecutive	 cycles	 of	 gamma	 ray	 irradiation	 (each	 cycle	 at	 a	dosage	of	40	Gy),	was	also	resequenced.	Bioinformatics	 analysis	 for	 the	 discovery	 and	 filtering	 of	 single	 nucleotide	polymorphisms	(SNPs)	and	small	indels	(2	to	18	bp)	was	performed	at	Istituto	di	Genomica	Applicata-Technology	 service	 (IGA-TS)	 in	 Udine	 (Italy)	 with	 custom	 pipelines	 (data	 not	shown).	 SVs,	 specifically	 insertions	 of	 transposable	 elements,	 were	 detected	 using	 the	methods	described	in	Pinosio	et	al	(2016).			





A	subset	of	filtered	SNPs,	indels	and	transposable	element	insertions	was	selected	to	identify	reliable	polymorphic	markers	for	clonal	fingerprinting.	The	analysis	focused	on	seven	resequenced	 clones,	 which	 represent	 some	 of	 the	 most	 diffused	 blood	 orange	 cultivars:	Tarocco	 ‘Ippolito	 M507’,	 Tarocco	 ‘Lempso	 C	 nuc’,	 Tarocco	 ‘TDV’,	 Tarocco	 ‘Meli	 C8158’,	Tarocco	 ‘Gallo	C898’,	Tarocco	 ‘Scirè	D2062’,	Tarocco	 ‘Dal	Muso	2b-14-10’.	SNPs	and	small	indel	validation	was	also	performed	on	the	induced	mutant.	Sanger	sequencing	was	used	to	validate	SNPs.	Bidirectional	sequencing	was	performed	using	an	ABI	3130	Genetic	Analyser	(Life	Technologies).	 In	addition,	a	KASP	assay	was	performed	using	Master	mix	and	KASP	Assay	mix	according	to	manufacturer’s	instructions	(www.lgcgroup.com).	The	KASP	platform	was	based	on	48	SNPs,	including	3	SS	SNPs	from	each	resequenced	cultivar,	plus	two	to	four	GS	SNPs.	A	total	of	190	DNA	samples	were	genotyped,	of	which	95	correspond	to	leaves	and	95	to	juice.	Small	indels	were	validated	using	High	Resolution	Melting	(HRM),	according	to	Caruso	 et	 al	 (2014).	 SVs	 were	 analyzed	 through	 classical	 PCR,	 and	 PCR	 products	 were	visualized	on	1%	agarose	gel.	Two	sets	of	primers	were	designed	for	each	putative	insertion:	the	first	set	amplified	the	left	region,	with	the	forward	primer	located	in	the	reference	genome	and	the	reverse	in	the	putative	transposable	element	(sx);	the	second	set	amplified	the	right	region	using	a	forward	primer	designed	in	the	putative	transposable	element	and	the	reverse	primer	located	in	the	genome	(dx).	Both	indel	and	SV	validations	were	only	performed	on	samples	collected	from	the	same	plants	used	for	Illumina	resequencing.			
RESULTS	and	DISCUSSION	The	use	of	custom	bioinformatics	pipelines	developed	at	IGA-TS	identified	a	set	of	SNPs,	indels	and	 SVs,	 specific	 of	 each	 cultivar/clone	 or	 shared	 among	 groups	 or	 subgroups,	 defined	“sample-specific”	(SS)	and	“group-specific”	(GS)	respectively.	Different	approaches	were	used	to	validate	polymorphisms	on	leaf	and	juice	samples	collected	in	different	growing	areas	of	southern	 Italy,	 including	 the	 CREA	 experimental	 farm,	 and	 commercial	 orchards	 and	nurseries.	
	





	Figure	 1.	 Example	 of	 SNP	 validation	 using	 Sanger	 sequencing	 (a);	 KASP	 assay	 used	 for	genotyping	8	Tarocco	‘TDV’	samples,	which	were	clearly	discriminated	form	the	rest	of	the	analysed	samples	(b).		The	 effectiveness	 of	 clonal	 fingerprinting	 varied	 with	 the	 analyzed	 cultivars.	 For	example,	in	the	cases	of	Tarocco	‘Lempso	C	nuc.’	we	validated	all	SNPs	in	most	samples	coming	from	experimental	and	commercial	orchards	and	nurseries,	both	from	leaves	and	juice	(Table	1).	Only	a	few	samples	were	not	correctly	genotyped,	probably	due	to	an	imprecise	sample	assignment	(i.e;	there	are	different	‘Lempso’	clones	cultivated	in	Sicily),	or	to	mislabelling.	In	the	case	of	Tarocco	‘Meli	C8150’	we	validated	SNPs	on	100%	samples	coming	from	the	fields.	On	 the	 other	 hand,	 the	 success	 rate	 for	 SNP	 validation	 drastically	 decreased	 for	 other	cultivars.	Specifically,	SS	SNPs	from	‘Scirè	D2062’,	Gallo	‘C898’	or	‘Dal	muso	2b-14-10’	were	not	validated	in	many	samples	coming	from	commercial	orchards	and	generically	labelled	as	Tarocco	‘Scirè’,	Tarocco	‘Gallo’	and	Tarocco	‘Dal	muso’.	This	result	is	probably	linked	to	the	fact	that	these	orchards	are	composed	of	heterogeneous	populations	of	clones	rather	than	cultivars.			Table	1.	Examples	of	SNP	validation	using	KASP	assays	in	two	Tarocco	cultivars.	Sample	origin	and	tissue	used	for	DNA	isolation	are	indicated.	“X”	indicates	the	validation,	dashes	indicate	missing	samples,	‘NV’	indicates	that	the	SNPs	were	not	validated.	
Variety	 Origin	 Tissue	
juice	 leaves	
SNP1	 SNP2	 SNP3	 SNP1	 SNP2	 SNP3	
Tarocco	‘Lempso	C	nuc’	





experimental	orchard	 leaves/juice	 X	 X	 X	 X	 X	 X	commercial	orchard	 leaves/juice	 X	 X	 X	 X	 X	 X	commercial	orchard	 leaves/juice	 X	 X	 X	 X	 X	 X	commercial	orchard	 leaves/juice	 X	 X	 X	 X	 X	 X	commercial	orchard	 leaves/juice	 X	 X	 X	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X	producers	 leaves	 -	 -	 -	 X	 X	 X		







		Figure	3.	Agarose	 gel	 electrophoresis	 confirming	 three	 transposable	 element	 insertions	 in	Tarocco	 ‘Lempso	C	nuc’,	 in	comparison	with	 two	negative	controls	 (‘TDV’	and	 ‘Dal	Muso	2b-14-0’).		
CONCLUSIONS	Resequencing	 of	 15	 pigmented	 sweet	 orange	 cultivars	 and	 mutants	 identified	 a	reliable	set	of	SNPs,	indels	and	SVs.	In	particular:	
• A	subset	of	SS	SNPs	correctly	discriminated	specific	Tarocco	commercial	clones	(i.e.	‘Ippolito	M507’,	 ‘Meli	C8158’,	 ‘TDV’,	 ‘Lempso	C	nuc’)	with	traceable	origin	from	the	mother	blocks	to	nurseries	to	the	field.	
• For	other	 cultivars,	 such	 as	 ‘Scirè’,	 ‘Gallo’,	 or	 ‘Dal	Muso’,	 SS	 SNPs	were	not	 always	validated,	probably	due	to	(1)	uncertain	origin	or	(2)	presence	of	clonal	populations	rather	 than	a	 single	 clone.	Also,	we	 cannot	 exclude	mislabeling	during	 the	 sample	collection.		
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